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Abstract

High density lipoprotein (HDL) cholesterol levels are inversely correlated with the development of
cardiovascular disease. To date, genetic association studies have only explained a small proportion
of the overall variance in HDL. Further studies are needed, within practice-based cohorts, to place
genetic findings into context alongside important clinical variables (e.g., age, gender, body mass
index, medication use, and clinical co-morbidity). The Marshfield Clinic Personalized Medicine
Research Project (PMRP) database was designed for large-scale studies of genetic epidemiology
in a clinical practice-based setting. Because of its size and its unique practice-based design, this
resource will provide adequate statistical power for the assessment of genetic findings related to
HDL level within the context of covariates known to modify lipid homeostasis. We now report
construction and validation of novel electronic phenotyping algorithms that can be used to model
individual baseline HDL levels within this practice-based resource. Because these algorithms were
developed in a setting that reflects routine clinical care, future genetic studies using these
algorithms within practice-based DNA biobanks should facilitate the identification of markers
with optimal effect size after adjustment for known clinical factors contributing to the overall
variance in HDL level within the community.
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Introduction

High density lipoprotein (HDL) cholesterol levels are inversely correlated with coronary
artery diseaselll, and there is tremendous interest in characterizing the genetic architecture
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underlying this interaction[2-5]. Early work by our group leveraged linkage studies, in large
extended families, to identify broad chromosomal loci associated with HDLI®: 71 Subsequent
work by our group led to the characterization of several positional candidate genes as well as
a number of intriguing biological candidates.[8: 9 Other groups have utilized genome wide
association studies (GWAS) to identify additional informative loci.[] Despite these efforts,
genes have explained only a small proportion of the overall variance in HDL.10-15 | arge
multi-institutional networks are therefore being constructed to facilitate genetic association
studies of HDL level using electronic health care records (www.gwas.net).

The Marshfield Clinic Personalized Medicine Research Project (PMRP) was specifically
designed for large-scale studies of genetic epidemiology in the community.[1%] With ~20,000
participants, the PMRP database represents one of the largest population-based biobanks in
the U.S.[11-13] This resource therefore provides adequate power for the assessment of HDL
level, in the context of clinical covariates known to modify lipids. We now report the
construction and validation of electronic algorithms that model baseline HDL level for
PMRP participants, within the context of routine clinical care.

This study was approved by the Institutional Review Board of the Marshfield Clinic, and
conducted in accordance with the basic principles of the Declaration of Helsinki. All study
subjects have provided informed consent through their prior participation in the Marshfield
Clinic Personalized Medicine Research Project (PMRP).[10]

Initial data extraction

At present, approximately 20,000 Central Wisconsin residents participate in the PMRP. The
clinical electronic medical record linked to the PMRP database provides access to over 55
million free-text electronic clinical documents dating back to 1988. As shown in Figure 1,
all PMRP subject records were annotated to flag the first date of diagnosis for co-morbidities
known to influence circulating lipid levels through alteration of catabolic/anabolic state: 1a
(cancer), 1b (diabetes mellitus), and 1c (thyroid disease). These records were also annotated
to flag the first date of prescription for medications known to alter circulating lipid levels: 1d
(statins), 1e (fibric acid derivatives), 1f (niacin), and 1g (exogenous gonadal steroids, such as
estrogen).

Estimation of baseline HDL

We assumed that baseline HDL levels vary widely among individuals, and that HDL levels
within any given individual’s medical record would contain outlying values due to acute
changes in health status. Each data string was therefore limited to include only those HDL
values obtained in the outpatient setting. Estimates were calculated only for individuals
having baseline HDL data available for at least two separate time points. An initial estimate
was based on the simple baseline median HDL value across time for each individual. The
simple within-patient standard deviation (SD) for the baseline HDL results was also
calculated for each patient.
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Adjustment for population trends

Changes in age and body mass index (BMI) are known to affect an individual's baseline
HDL level. In order to control for differences in age and BMI among subjects, we used the
trends in age and BMI observed in our population to adjust individual HDL estimates. To
electronically screen gross errors in height and weight, the measures were normalized to
data from the National Health and Nutrition Examination Survey[4l providing age and
gender specific z-scores. Prior to normalization, the tabled U.S. percentiles were smoothed
using the LMS method.[*3] Heights and weights were also screened using an algorithm
which evaluates previous and/or subsequent values and excludes values which result in sharp
changes (e.g. a weight which exceeds both the previous and subsequent measures, and
reflects a change exceeding 10 pounds per day). The screening parameters in these
algorithms were subjectively tuned by reviewing scatter plots of serial height and weight in
random samples from the cohort.

Data sharing

A general summary of our electronic algorithms may be viewed online (www.gwas.net).
These algorithms are conservative, removing 65% of all raw HDL data points, and 22% of
all subjects in the database. The size of our database preserves power despite this
conservative approach.

Results

The dynamic PMRP biobank currently contains data from approximately 20,000
participants. Participants are >18 years of age at enrollment (range: 18 to 98 yrs, median 46
yrs). Nearly 17,000 of these subjects have clinical lipid data available in the database. All
HDL levels were extracted for these individuals. As illustrated for a representative sample of
20 male PMRP participants in Figure 2, each data string was annotated at the first date of
diagnosis for a relevant co-morbidity, or at first exposure to a lipid-altering medication (e.g.,
the arrow in Figure 2 indicates a subject exposed to niacin at age 64 years).

Determination of baseline HDL

Each individual’s HDL data string was censored by co-morbidity and medication, and the
resulting lipid values were used to derive an estimate of baseline HDL cholesterol level.
Because acute illness can lower HDL cholesterol (personal communication, Dr Iftikhar
Kullo), we removed all data obtained during time intervals bounded by hospital admission
codes and hospital discharge codes. As shown in Figure 3, hospitalization was associated
with lower HDL levels. Only 1.4% of the total HDL data were obtained during
hospitalization. Excluding these levels removed only 109 study subjects.

Adjustment for age, gender and BMI

We next modeled age, gender and body mass index in our cohort. Based upon data shown in
Figure 4, we first removed weights obtained from pregnant females during a period between
210 days before delivery and 30 days after delivery. For the remainder of the cohort, we
utilized population trends to adjust age and BMI according to individual differences in the
availability of HDL data over time. A repeated measures model was fit separately for males
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and females. Figures 5A and 5B show the observed trends. Our goal was to generate a
comparable baseline HDL value for each individual. These modeled values are summarized
for the entire study cohort in Table 1. Median HDL ranged from 41 mg/dl (age < 30 yrs) to
47 mg/dl (>70 yrs) in men, and 51 mg/dl (30 to 39 yrs) to 54 mg/dl (>70 yrs) in women.

Additional gender-specific modifications

Gender differences in HDL cholesterol emerge at puberty, and women maintain
approximately 10-mg/dl higher HDL levels than men throughout their lifetime.[26] Although
the effect of contraceptive medications on HDL is relatively small, postmenopausal estrogen
replacement may increase HDL level substantially.[1”] We therefore adjusted the final
baseline HDL level for women, by exposure to postmenopausal estrogen. Based upon an
observed bimodal age distribution for estrogen exposure in our cohort, any participant with
first estrogen exposure prior to 35.2 years was considered to be using estrogen for
contraception. Individual HDL measures within 14 days of an estrogen event were excluded
for those women, as well as for a small number of men (n = 38) with estrogen use (e.g. for
prostate cancer).

Figure 6 illustrates the final modeled baseline HDL levels for the entire study population.

Discussion

Large healthcare databases are increasingly being used for genetic epidemiology. With
nearly 20,000 participants, the PMRP represents one of the largest population-based DNA
biobanks in the world.[19-12] |n the current study, we used a stepped approach to estimate
baseline HDL for the large majority of PMRP participants. All available clinical lipid data
were extracted electronically then censored according to medication history and relevant
clinical co-morbidities. The resulting HDL levels demonstrated an age-dependent increase,
consistent with prior studies in families['8] and within populations.[*91 We also observed an
inverse correlation between HDL and BMI, consistent with prior studies.[®: 9 19]
Collectively, these findings indicate that future epidemiologic studies need to consider
factors that affect baseline HDL values when setting a reference category, to minimize the
chance for spurious genotype-phenotype association results.

There are three distinct advantages to the characterization of HDL within the community.
First, because our cohort is population-based, future genetic association studies conducted in
this specific cohort will allow investigators to assess the relative impact of genetic risk
determinants within the context of important clinical covariates. Second, our approach is
portable, and should position other large academic centers to conduct similar work, as
biobanks are constructed in parallel with existing electronic medical records around the
world. We are engaged in efforts to standardize these algorithms, through a multi-
institutional initiative called eMERGE (electronic medical records and genomics).
Phenotyping strategies developed through this cross-institutional network are summarized at
www.gwas.net. Third, while prior genome-wide studies have identified predictors of HDL
level, these studies have not been conducted in individuals that were dyslipidemic.[2%] Loci
contributing to the more clinically relevant manifestations of this trait (i.e., low HDL
dyslipidemia) therefore may have been missed.[?1] The size of our database would facilitate
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such studies without compromising statistical power. Because clinicians often make
treatment decisions using HDL level as a gender-stratified categorical trait,[1¢] this capability
is important to the translation of genetic information into clinical practice.

Lastly, while therapeutic agents are capable of increasing HDL level, the effect of many such
agents appears to be modest. Considerable resources have therefore been directed toward the
development of drugs that increase HDL cholesterol through novel mechanisms.[221191 The
future application of high-throughput genome scanning to cohorts such as ours will likely
identify additional novel targets. The practice-based nature of our resource will allow us to
focus on targets with the highest residual effect size, after adjustment for known clinical
factors contributing to the overall variance in HDL within the community.
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Baseline' HDL results for adults
prior to the use of statin medication
and other events impacting lipid levels
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Earliest censor date

l

2b
Determine HDLs prior to
earliest censor date

l

2¢
Determine HDLs during
hospital stay

l
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Figurel.
Electronic characterization of baseline HDL. (1) All fasting lipid panels were extracted from

the electronic medical record of each PMRP study participant. (1a — 1g) The record for each
participant was interrogated identify the first date at which each subjects developed a
comorbidity (or medication exposure) that would be expected to alter HDL cholesterol level:
(1a) earliest cancer diagnosis in tumor registry; (1b) earliest date for diabetes mellitus based
on an algorithm previously published in Wilke et al, 200723; (1c) earliest date of diagnosis
for Hyperthyroidism or Hypothyroidism date (diagnostic codes 252.0-252.1, 253.0,253.9,
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prior to 1969 and 242.00-242.33, 242.90-242.93, 1969 to present) or exposure to
levothyroxine, or TSH level outside normal range; (1d) earliest use of a commercially
available statin; (1e) earliest use of gemfibrozil or fenofibrate; (1f) earliest use of niacin
(restricted to prescription strength doses); (1g) earliest use non-contraceptive estrogen. Right
panel: (2a—2b) Each individual’s HDL data string was censored according to diagnostic code
and medication. (2¢c) Any datapoints obtained during hospitalization were filtered. (2d) All
remaining data points were then used to model baseline HDL.
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Figure 2.
Raw data for 20 representative male PMRP participants. HDL cholesterol levels are shown

versus time, with filled circles representing initial comorbidity or initial exposure to a
medication capable of modifying lipid levels. To illustrate the potential advantage of this
approach, data are highlighted for an individual that received niacin as a therapeutic
intervention (censored data indicated by arrow).
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Median Baseline HDL while Hospitalized
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Figure 3.
Inpatient HDL levels plotted against outpatient levels for each individual. The plot shows

median HDL inpatient versus median HDL outpatient for subjects with both types of result.
For the large majority of subjects (72% of subjects), HDL level was lower while hospitalized
(i.e., 3.4 mg/dL lower in women, and 4.3 mg/dL lower in men).
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Figure 4.

Body weight shown for pregnant females with reference to delivery date.
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Figure5.
Impact of age and BMI on baseline HDL. A repeated measures model was fit separately for

males and females, with baseline HDL as the response, and age and BMI as predictors. The
trends for age and BMI were modeled with restricted cubic splines (Stone CJ, Koo CY
1985). This approach provides a very flexible method for fitting trends without relying on
any specific model formulation, with three knots located at approximately the 5th, 50th, and
95th percentiles (Durrleman 1989). 5A: HDL is plotted against age, stratified by gender, and
adjusted for BMI 25 kg/m2. (BMI 25 represents the clinical threshold between normal
weight and overweight.) 5B: HDL is plotted against BMI, stratified by gender, and adjusted
for age 46. (Age 46 represents the median age in the PMRP population.) If BMI was not
available on the exact date of a given HDL data point, an estimate was imputed from BMI
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measures calculated before and/or after the HDL value, or based upon gender when no valid
BMIs were available for an individual study subject. In both panels (5A and 5B), female
subjects are represented by red dots; male subjects by blue dots.
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Figure 6.
Impact of HRT on HDL, shown as a function of age. Median HDL level is shown for women

both off (dashed line) and on (solid line) estrogen. Median HDL level is also shown for men.
Data are adjusted for BMI = 25 (the threshold between normal weight and overweight) using
a mixed effects model with random intercepts.
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